Uricase is an enzyme involved in purine catabolism and is found in all three domains of life. Curiously, uricase is not functional in some organisms despite its role in converting highly insoluble uric acid into 5-hydroxyisourate. Of particular interest is the observation that apes, including humans, cannot oxidize uric acid, and it appears that multiple, independent evolutionary events led to the silencing or pseudogenization of the uricase gene in ancestral apes. Various arguments have been made to suggest why natural selection would allow the accumulation of uric acid despite the physiological consequences of crystallized monosodium urate acutely causing liver/kidney damage or chronically causing gout. We have applied evolutionary models to understand the history of primate uricases by resurrecting ancestral mammalian intermediates before the pseudogenization events of this gene family. Resurrected proteins reveal that ancestral uricases have steadily decreased in activity since the last common ancestor of mammals gave rise to descendent primate lineages. We were also able to determine the 3D distribution of amino acid replacements as they accumulated during evolutionary history by crystallizing a mammalian uricase protein.
Further, ancient and modern uricases were stably transfected into HepG2 liver cells to test one hypothesis that uricase pseudogenization allowed ancient frugivorous apes to rapidly convert fructose into fat. Finally, pharmacokinetics of an ancient uricase injected in rodents suggest that our integrated approach provides the foundation for an evolutionarily-engineered enzyme capable of treating gout and preventing tumor lysis syndrome in human patients.
hyperuricemia | pseudogene | evolution U ric acid (monosodium urate) is a metabolic product of purine catabolism generated from the breakdown of nucleic acids. In most species, uric acid is metabolized to 5-hydroxyisourate by the enzyme uricase (urate oxidase) (1) . Depending on the species, 5-hydroxyisourate is further degraded to allantoin, urea, or ammonia and excreted from the body (2) (3) (4) (5) . Uricase comprises the core of peroxisomes in terrestrial vertebrates and exists as an insoluble crystalloid (6) . This is in contrast to most microbial and aquatic vertebrate species in which uricases are soluble and reside in either the cytoplasm (bacteria) or peroxisome (e.g., yeast). Crystal structures of bacterial and fungal uricases demonstrate that the active form of the protein exists as a homotetramer (dimer-ofdimers) with each of the four active sites located at the head-to-tail monomer-dimer interface (7, 8) .
Uric acid is recognized as an antioxidant and it has been hypothesized to be an important antioxidant in the plasma (9) , although its role in oxidative stress has been disputed (10) . More recently, uric acid has been implicated in metabolic syndrome and fat accumulation (2, (11) (12) (13) . Mammals possessing a functional uricase typically display serum uric acid levels in the 1-to 2-mg/dL range (0.06-0.12 mM). In contrast, uric acid levels are 3 to 10 times higher in apes (including humans) as a result of parallel nonsense mutations that caused a pseudogenization of the uricase gene during the early Miocene era (∼17 Ma) (14, 15) . Despite being nonfunctional, cDNA sequencing confirmed that uricase mRNA is present in human liver cells and that these transcripts have two premature stop codons (15) (16) (17) .
Homozygous deletion of functional uricase in mice results in death shortly after birth. These mice can be rescued if fed a xanthine oxidase inhibitor (allopurinol) to prevent the conversion of xanthine to uric acid (18) . The inability of these mice to manage a sudden buildup of uric acid has supported one hypothesis that ancient apes slowly decreased uricase transcription via mutations in the uricase promoter before the pseudogenization events (14) . However, an alternative hypothesis to prevent the sudden buildup of uric acid in ancient primates would be to slowly diminish the enzymatic activity of uricase before pseudogenization events. This alternative mechanism may have provided more robust control to slowly abolish uricase activity compared with mutations in gene expression that would be susceptible to compensatory changes that up-regulate expression. This mechanism may also provide greater control than modifying transcriptional expression, as uricases are highly resistant to proteasome degradation and thus protein turnover (19) .
Significance
Human susceptibility to gout is driven by the fact that we have a pseudogene for uricase that prevents a functional enzyme from being produced. Our inability to convert highly insoluble uric acid into a more soluble molecule makes us vulnerable to disease and other health complications. We have exploited ancestral sequence reconstruction to better understand how and why apes lost this functional enzyme. Our ancient proteins support one hypothesis that the progressive loss of uricase activity allowed our ancestors to readily accumulate fat via the metabolism of fructose from fruits. This adaptation may have provided our ancestors with an advantage when the energyrich rainforests of Europe and Asia were displaced by temperate forests by the end of the Oligocene. Conflict of interest statement: E.A.G. declares financial interest because a patent related to this research has been filed by the Georgia Institute of Technology, and this technology is licensed to General Genomics, LLC, which is a start-up founded by E.A.G.. R.J.J. is an inventor on several patents and patent applications related to lowering uric acid as a means for treating hypertension, diabetic nephropathy, and renal disease, and is a founder of XORT, Inc., which is a start-up company that has licensed these applications.
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Results
To test this alternative hypothesis, we resurrected ancient uricase enzymes throughout mammalian history. Fig. 1 shows the biochemical properties of uricases at major ancestral mammalian divergences whose descendents ultimately trace to humans. The most ancient of the ancestral uricases (An19/22) had the highest enzymatic activity and is significantly more active than modern pig uricase (considered to be one of the more active modern mammalian uricases; P < 0.0001). Enzymatic assays for descendents of An19/22 reveals a progressive stepwise decrease in uricase activity from the last common ancestor of mammals (∼90 Ma) to the last common ancestor of apes (∼20 Ma). In support of this conclusion, An19/22 is significantly more catalytically efficient than An26 (P < 0.0001), and An26 is significantly more catalytically efficient than An27 (P < 0.0001). The activity of An30 demonstrates that uricase function was nearly enzymatically abolished before the pseudogenization events in ancestral apes.
Such a progressive accumulation of slightly deleterious amino acid replacements is consistent with the observation that it is not possible to "reactivate" a functional human uricase enzyme by simply replacing the two premature stop codons present in the gene (Fig. 1) . To better understand why the human uricase is not functional without the premature stop codons, the 22 amino acid replacements inferred to have occurred between node An19/22 and humans (numbers in brackets in Fig. 1 ) were individually assayed within the background of the An19/22 enzyme. Nearly all of the 22 amino acid replacements caused a substantial decrease in catalytic efficiency (k cat /K m ; Fig. S1 ). Three of these replacements had striking effects on uricase purification and activity. Two amino acid replacements (S232L and Y240C) prevented uricase solubility; thus, catalytic efficiency could not be determined. Both these replacements presumably occurred after the pseudogenization events. Alternatively, the single replacement F222S caused a decrease in uricase efficiency of nearly two orders of magnitude, and this replacement is inferred to have occurred on the branch connecting the origins of apes to the last common ancestor of apes (i.e., before pseudogenization events).
To better understand the effects of these amino acid replacements, as well as why it is not possible to reactivate the human uricase gene by simply replacing the premature stop codons, we determined the 3D crystal structure of apo An19/22. The mammalian structure reveals a conserved uricase fold organized as a homotetramer (dimer-of-dimers) with the active site located at the monomer-dimer interface. Mammalian uricase displays divergent structural features compared with microbial [0] [7] [2]
[0] Shown is a phylogenetic tree depicting the evolutionary relationship among mammalian uricase genes. Three genetic lesions are attributed with the pseudogenization of the human uricase gene. A nonsense mutation at codon 33 is common to all great apes (orangutan, gorilla, chimpanzee, and human). An additional nonsense mutation is common for the chimpanzee and human sequences at codon 187. Further, a mutation is located at the splice-acceptor site in intron 2 for the chimpanzee and human sequences. A missense mutation at codon 18 of lesser apes is independent of the great ape uricase pseudogenization event. The ancestral nodes (An) on the tree are labeled in bold. The protein sequences at nodes 19 and 22 are identical and labeled as An19/22. In addition, the protein sequences at nodes 32 and 33 are identical and labeled as An32/33. The numbers in brackets between nodes represent the number of amino acid replacements that occur along each branch. The two stop codons in a full-length human uricase gene were replaced with arginine codons but this recombinant protein exhibited properties analogous to An32/33. Enzymatically characterized uricases are denoted by solid black circles. The specific activity is the amount of uric acid substrate oxidized per minute per milligram of total insoluble protein (shown in purple). Catalytic efficiency was also determined for modern and ancient uricases when possible (shown in blue). (Inset) Example kinetic reaction as monitored by following the oxidation of uric acid. (*k cat /K M for An19/22 is significantly greater than An26's, P < 0.0001; # k cat /K M for An26 is significantly greater than An27's, P < 0.0001.) Divergence times for ancestral nodes are provided along the x axis (49).
uricases, with large differences in the composition and conformation of loops adjacent to subunit interfaces (i.e., β4-β5, α3, β13-β14, α3) that are well separated from the active site ( Fig. 2A and Fig. S2 ). Despite these differences, the oligomeric interfaces and active site residues are remarkably conserved (Fig. 2B ) (7, 8) . The three mutations with the largest deleterious effect on catalytic activity cluster on the α4-α5 element, which is critical for positioning the ligand during catalysis within the active site ( Fig. 2 C and D) (20) . The α4-α5 loop contributes three hydrogen bonds to the bound ligand via Gln236 and the backbone amide of Val235, and comprises one wall of the active site. The net effect of each individual mutation is to destabilize oligomerization and thus the formation of the active site. The S232L replacement eliminates an important hydrogen bond to the backbone of Gly169 destabilizing the positions of Phe170 and Gln236, which are critical for positioning the bound ligand within the active site. S232L also introduces a polar incompatibility with neighboring residues S168, R187, and T238 preventing proper packing of the β4-β5 and α4-α5 loop likely disrupting protein folding and dimerization. The Y240C replacement eliminates aromatic stacking and hydrophobic interactions across the monomer-dimer interface with a cluster of hydrophobic residues destabilizing the dimer interface and formation of the active site (Fig. 2F) , confirming previous computational predictions (21) . Phe222, located on α4, stabilizes the dimer-dimer interface via aromatic stacking and hydrophobic interactions and an intrasubunit cation-π interaction with the highly conserved Lys164 (Fig. 2E ). Mutation to serine would eliminate these interactions and generate an energetic penalty by introducing a hydrophilic residue in this hydrophobic pocket. The remaining amino acid replacements are axially distributed around the structure and their effects on activity are correlated across the nodes of the phylogeny (Fig. S3) .
The progressive loss of uricase activity in the ape lineage may have provided a selective advantage (22) . Although several theories have been proposed, a recent hypothesis is that the loss of uricase may have aided the accumulation of fat stores in response to fructose, a major nutrient in fruits that were a primary staple of ancestral simians (23) . Fructose increases hepatic fat stores in part because of its ability to generate uric acid during metabolism (24) , whereas the inhibition of uricase enhances fat accumulation in the liver in response to fructose (25) . To better understand the role ancient uricases would have in fructose metabolism, human HepG2 cells were transfected with two ancestral uricases (An19/22 and An27; Fig. 3A ). Localization studies documented that An19/22 and An27 colocalized with catalase, demonstrating peroxisomal location (Fig. 3A) . Increased uricase activity was confirmed in lysates obtained from these uricase-expressing cells (Fig. 3B) . Uricase-expressing cells exposed to fructose (5 mM for 72 h) showed less intracellular uric acid accumulation (Fig. 3C) and less triglyceride accumulation (Fig. 3D ) compared with cells treated with an empty vector. In addition, cells expressing An19/22 (Fig. 3E) or An27 (Fig. S4) showed a tendency to have greater levels of phosphorylated AMP kinase, and its target protein ACC, in response to fructose compared with control cells. These results are consistent with earlier work showing that uric acid is an inhibitor of AMP kinase (26) . These results also demonstrate that triglyceride accumulation is correlated with the enzymatic efficiency of uricases and that, whereas ancient uricases are capable of managing uric acid levels in our assay conditions, more derived versions such as recombinant human uricase are not able to manage uric acid. The buildup of serum urate in the blood (hyperuricemia) can have severe consequences for human health. As such, the medical community has a strong interest in developing a recombinant "human-like" uricase to treat gout, prevent tumor lysis syndrome, and control hyperuricemia in general (27) . The difficulties in developing a therapeutic uricase are many-fold, but mostly rely on a compromise between activity, stability, and immunoreactivity in human patients. A recently Food and Drug Administrationapproved uricase consists of a combination of pig and baboon enzymes [pig-baboon chimera (PBC)], whereby the pig portion provides a high catalytic efficiency and the substantially less active baboon portion may help to avoid an immune response in humans ( Fig. 1) (28) . However, this recombinant enzyme has a t 1/2 on the order of minutes in animal models and thus requires PEG modification to increase its t 1/2 to an acceptable level (pegloticase) (28, 29) . Based on the observations that An19/22 is significantly more catalytically efficient than pig uricase and yet has greater sequence identity to human uricase than PBC (93% vs. 90%, respectively; Fig.  S5 ), we tested the pharmacokinetics of native An19/22 in healthy rats. Monitoring plasma uricase activity revealed that the t 1/2 of An19/22 is nearly two orders of magnitude (100-fold) more stable than native (non-PEGylated) PBC uricase (Fig. S6) . These results suggest that An19/22 uricase has potential therapeutic value as a non-PEGylated protein, which is important because human patients develop antibodies to the PEG moiety on pegloticase (30) .
Discussion
We have demonstrated that ancient mammalian uricases have accumulated amino acid replacements that have in turn progressively diminished the enzyme's activity before proposed pseudogenization events in the lesser and great ape lineages. Interestingly, this progressive decrease in uricase activity is not reflected in the branch-based nonsynonymous-to-synonymous (dN/dS) metric used to detect changes in selective constraints acting on protein-coding genes; however, a neutral signal is clearly evident among the ape pseudogenes (Fig. S7) . Further, a sites-based model of adaptive evolution did not detect any sites under positive selection. This progressive loss of uricase activity was initiated in the Eocene, with complete loss of activity occurring by the early Miocene (∼15-20 Ma). This geologic window is signified by a period of progressive cooling that substantially affected the diet of early hominoids as inferred from fossilized dental records, especially for those that migrated around Eurasia (23) . The Miocene period hosted the diversification of our ape ancestors in Europe and Asia (e.g., Kenyapithecus and Dryopithecus) and uricase loss could have helped these frugivorous organisms "follow the fruit" back to Africa as the rainforests receded to the equatorial zone during this time (23) . The loss of uricase may have provided a survival advantage by amplifying the effects of fructose to enhance fat stores (24) , and by the ability of uric acid to stimulate foraging (31), while also increasing blood pressure in response to salt (13) . Thus, the loss of uricase may represent the first example of a "thrifty gene" [as hypothesized by Neel (32) ] to explain the current epidemic of obesity and diabetes, except that it is the loss of a gene (33) , and not the acquisition of a new gene, that has increased our susceptibility to these conditions. We anticipate that future resurrection studies on enzymes upstream and downstream of uricase in purine catabolism will provide greater details on the evolution of flux through a metabolic pathway experiencing functional adaptation (3, 34) . For instance, the resurrection of ancestral xanthine oxidoreductases will reveal when primates experienced the lowering of activity displayed by modern forms of the enzyme, and whether this correlates with the decrease in ancestral uricase activity.
In total, we have shown that ancient mutations decrease uricase activity over evolutionary time, and this progressive decrease is correlated with physiological function and (potential) adaptation. Our integrated approach of combining ancestral sequence reconstruction, structural biology, and cell biology provides unique insights into the evolutionary history of uricases and primate evolution, and also provides the framework necessary for the biomedical field to engineer (or reactivate) a recombinant human uricase for therapeutic purposes. We have shown that one of our ancestral uricases has orders-of-magnitude greater bioavailability than state-of-the-art therapeutic uricases. We anticipate that ancient enzymes will play a greater role in therapeutic and industrial applications in the near future, with uricase paving the way. Methods cDNA, Ancestral Sequence Resurrection, and in Vitro Assays. Transcripts of the human uricase pseudogene were verified by using fetal liver cDNA (Clontech) as template for a series of PCR reactions (Promega). Forward and reverse primers were designed against the published sequence of human uricase gene (15) . All PCR reactions were performed in a total volume of 50 μL consisting of 1 μL of template cDNA (1 ng), 2 μL 10 μM each of forward and reverse primers, 0.25 μL GoTaq polymerase enzyme (1.25 U), 10 μL 5× GoTaq buffer, and 1 μL deoxyribonucleotide mix (10 mM), brought to volume with dH 2 O. Products were examined via 1.5% to 2% (wt/vol) agarose gel electrophoresis, and bands were purified by using a gel extraction kit (Qiagen) and subjected to DNA sequence analysis (Fig. S8) .
Ancestral sequence reconstruction was performed following our previous protocols (35, 36) . Modern uricase sequences from 17 taxa were retrieved from public databases and were aligned by using MUSCLE. An evolutionary tree was inferred by using MrBayes (37) . The following parameters were incorporated during the analysis: the generalized time reversible DNA substitution model, a proportion of the nucleotide sites were invariable whereas the remaining sites were drawn from a γ-distribution. To search tree space, two independent Metropolis-coupled Markov chain Monte Carlo (MCMCMC) simulations, four chains each, were performed for 1,000,000 generations with parameter sampling every 100 generations. The first 100 samples were discarded during the burn-in phase of the MCMCMC analysis. The resulting gene tree recapitulated the species tree for these organisms.
Ancestral sequences and dN/dS were inferred by using PAML version 4.1 (38) . Ancestral sequences were inferred by using DNA-based and amino acidbased models. All nonsense mutations present in an ancestral sequence were converted to the sense codon present in homologs (an otherwise universally conserved arginine for both stop codons 33 and 137). The DNA-based analysis incorporated the same parameters as described earlier. The amino acid-based analysis incorporated a γ-distribution and the WAG replacement matrix. These various analyses generated identical ancestral sequences. The inferred ancestral sequences displayed high posterior probabilities (Fig. S9) and were robust to alternative models used during the inference process (35, 39, 40) . For instance, an alternative topology that places primates and rodents as sister clades with Laurasiatherians as an outgroup was also used to infer ancestral sequences (41) . No ancestral sequence differences were observed for the corresponding nodes between the two topologies. Premature codons were substituted for the highly conserved arginines present in uricase homologs. Many CGA (arginine) codons in ape uricases have been converted to TGA (stop) codons, likely as a result of methylation and subsequent deamination at the CG dinucleotides after selective constraints were lifted from the gene. Although it has been hypothesized that the common ancestor of great apes had a premature stop codon at position 33, this hypothesis lacks full support because there are multiple instances of homoplasy (CGA to TGA) at other positions in the ape uricases (14) . Codonbased analyses were performed to calculate dN/dS ratios by using branchbased (free-ratio) and sites-based models. These analyses incorporated a γ-distribution, codon frequencies F3 × 4, and a transition/transversion ratio. For the sites-based method, M1/M2 and M7/M8 analyses were not significantly different according to a likelihood ratio test. Further, Bayes empirical Bayes did not identify any positively selected sites with a P value >95%.
Uricase encoding genes were codon-optimized for expression in Escherichia coli (Epoch Laboratories). These genes were cloned into the pET-21a vector (Novagen) using NdeI and XhoI sites. E. coli Tuner (DE3; EMD Millipore) cells were freshly transformed with uricase-containing vectors. A single colony was used to inoculate a 5-mL overnight culture. This overnight culture was used to seed 1 L Luria broth with 100 μg/mL carbenicillin and 100 μg/mL chloramphenicol. Cells were grown to an OD 600 between 0.6 and 0.8 at which point they were induced with 1 mM IPTG. Expression was carried out overnight (16-20 h ) at 37°C with shaking at 250 rpm. Cells were then ruptured by sonication and the inclusion bodies (IBs) were washed five times with PBS buffer. The IBs were resuspended in a 0.1 M to 1 M Na 2 CO 3 buffer at a pH between 10 and 11 and 1 mM PMSF. The carbonate extraction supernatant contained active uricase as confirmed by the Amplex Red Uricase/Uric Acid Activity Kit (Invitrogen).
Soluble uricases were purified using FPLC (GE Healthcare) at 4°C and followed the two-step purification scheme reported for the PBC uricase (29) . Anion exchange chromatography was performed on a HiLoad 16/10 Q-Sepharose HP column (GE Healthcare) preequilibrated with 0.075 M Na 2 CO 3 , pH 10.2. After sample application, contaminants were washed from the column by using salt gradient from 0.15 M NaCl to 1.5 M NaCl in 10 mM NaHCO 3 , pH 8.5. A three-column volume wash with 10 mM NaHCO 3 , pH 8.5, 1.5 M NaCl ensured that all major contaminants had been eluted from the column media. This was followed by a three-column volume wash with 10 mM NaHCO 3 , pH 8.5. In preparation for the elution of purified uricase, the pH was raised with one column volume of Na 2 CO 3 , pH 11. Uricase was then eluted by a 10-column volume salt gradient from 0 to 0.6 M NaCl in 0.1 M Na 2 CO 3 , pH 11. Uricase was collected and concentrated by using 9-kDa molecular weight cutoff spin concentrators (Pierce). The final purification step was performed by size exclusion chromatography on a HiLoad 16/60 Superdex 200 prep-grade column preequilibrated with 0.1 M Na 2 CO 3 , pH 10.2 (GE Life Sciences). Tetrameric uricase was eluted with 0.1 M Na 2 CO 3 , pH 10.2, at ∼140 kDa and concentrated by centrifugation with spin concentrators.
The enzymatic activity of purified tetrameric uricase was determined spectrophotometrically by monitoring the decrease of uric acid by following the absorbance at 293 nm (A 293 ). A freshly prepared 1 mM uric acid stock in 0.1 M sodium phosphate buffer, pH 7.4, was diluted with 0.1 M sodium phosphate buffer, pH 7.4, to prepare a range of uric acid concentrations. Specifically, the assays were performed at the following uric acid concentrations: 1 μM, 2.5 μM, 5 μM, 10 μM, 15 μM, 20 μM, 25 μM, 50 μM, 75 μM, and 100 μM. The averages from triplicate runs of initial velocities at each uric acid concentration were used to plot a hyperbolic regression curve to determine K m , V max , and k cat /K m of the purified uricases (Hyper32 Kinetics Application). The concentration of purified tetrameric uricase was determined by the Quick Bradford Assay (Bio-Rad). Finally, the k cat was determined by dividing V max by the concentration of tetrameric uricase used in the kinetics experiments. We applied the Gaussian error propagation approach to generate SEs for our k cat /K m values and then applied an unpaired Student t test (twotailed) to determine significance. Unfortunately, not all uricases could be solubilized in the range of tested conditions. Thus, specific activity for all modern and ancient uricases was determined as a reference point and defined as the amount of uric acid substrate oxidized per minute per milligram of total insoluble protein.
Three-Dimensional Structure Determination. A variant of An19/22 (R147K, E220K) was crystallized by vapor diffusion under conditions optimized from initial crystal screening trials using the commercially available Nucleix Suite (Qiagen). Before crystallization, purified protein was concentrated to 10 mg/mL in 10 mM sodium carbonate (pH 10.5) and combined with twice its volume of reservoir solution, 25% (wt/vol) 2-meththyl-2,4-pentanediol (MPD), 40 mM MgCl 2 , and 50 mM sodium cacodylate (pH 6). Box-shaped crystals of nearly 200 μm in each dimension grew in 3 to 5 d at 20°C. The concentration of MPD was raised to 40% for harvesting and cryoprotection.
Diffraction data for apo uricase were collected under cryogenic conditions at Southeast Regional Collaborative Access Team 22ID at Argonne National Synchrotron Light Source (Argonne, IL; Table S1 ). Indexing, integration, and scaling of crystallographic reflections was performed by using HKL2000 software, version 0.98.699a (42) . Initial phases were determined by molecular replacement by using a search model generated by the Phyre2 homology-based protein structure prediction server (43) using the crystal structure of the Aspergillus flavus urate oxidase [Protein Data Bank (PDB) ID code 1R56] as the template (20) . The structure was refined in the PHENIX crystallographic software package (44) and model building was performed in the COOT molecular graphics program (45) . The R factors for the final model are 20.7% and 25.9% for R and R free , respectively. A total of 88.9% of residues are Ramachandran-favored for the uricase with <2.5% outliers. PyMOL was used to visualize the structures and generate images (46) .
In Vivo Assays. The established human hepatocarcinoma cell line HepG2 was purchased from the American Type Culture Collection. The cells were cultured in RPMI medium (no. 17850; Gibco) supplemented with 10% FBS (Gibco) and 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco) in a humidified incubator with 5% CO 2 at 37°C.
Transduction and generation of stable clones expressing uricases was performed as previously described (26) . The coding sequences of the various uricases were inserted into the pLVXIRES Puro vector by direct cloning using EcoRI and NotI sites. Clones were confirmed by sequencing analysis. Seven micrograms of vector at 1 mg/mL was combined with the Lenti-X HTX packaging system (Clontech) and HEK-293T cells maintained in tetracycline-free medium were transfected with the components. Medium was collected at 48 h and efficient production of lentiviral particles was assessed with the Lenti-X Gostix (Clontech). HepG2 cells were exposed to the virus and stable clones generated with puromycin (10 μg/mL). Controls refer to puromycin selected clones transduced with lentiviral particles containing an empty pLVXIRES Puro vector. In experiments involving fructose, cells were incubated with these compounds at different concentrations (from 0 to 20 mM) for 72 h with fresh changes of medium twice daily.
Protein lysates were prepared from confluent cell cultures and rat livers by using MAP Kinase lysis buffer as previously described (47) . Sample protein content was determined by the BCA Protein Assay (Pierce). A total of 40 μg of total protein was loaded per lane for SDS-PAGE (10% wt/vol) analysis and then transferred to PVDF membranes. Membranes were incubated with primary antibodies (uricase 1:200; Santa Cruz Biotechnology; ACC, ACL, FAS, pACC, AMPK, pAMPK, and actin 1:1,000; Cell Signaling) and visualized using a horseradish peroxidase secondary antibody (1:2,000) and the HRP ImmunStar detection kit (Bio-Rad). Chemiluminescence was recorded with an Image Station 440CF and results analyzed with 1D Image Software (Kodak Digital Science).
Cell preparation, staining, and imaging were performed as previously described (48) . Briefly, HepG2 cells were grown to confluence in eight-well glass slides (no. 177402; Nunc) and fixed with paraformaldehyde 4% in PBS solution for 20 min. Excess paraformaldehyde was removed by incubating fixed cell to 20 mM glycone in PBS solution. Cells were then permeabilized with 0.3% Triton X-100 in PBS solution and incubated overnight with uricase antibody (Santa Cruz Biotechnology). Cells were rinsed and incubated with a goat anti-rabbit Alexa Fluor 568-conjugated secondary antibody (Molecular Probes). Preparations were imaged with a 63× oil immersion objective by using a laser scanning confocal microscope (model LSM510; Zeiss). Data were analyzed by using LSM Image Analyzer Postacquisition software (Zeiss).
Rodent Assays. Sprague-Dawley rats (Charles River Laboratories) were obtained and acclimated after delivery for at least 1 wk before testing. For each uricase tested, five age-and weight-matched male rats served as biological replicates. The uricase preparations were kept on ice and then immediately diluted in room temperature PBS solution, pH 7.4, to a concentration of 0.2 mg/mL. One milliliter of a 0.2-μm filter-sterilized uricase preparation (Pall) was i.v. injected. Postinjection blood samples were collected at 5 min and every 60 min thereafter for a minimum of 5 h. Each sample containing 100 μL of fresh blood was immediately transferred to lithium heparin coated Microtainer blood collection tubes (BD) and mixed by rocking at room temperature and then centrifuged for 5 min at 2,350 × g to separate plasma from whole blood. Samples were stored on ice until assayed as described earlier.
